The vascularization of the pedicel in Marisol clementine (Citrus clementina Hort. ex Tanaka) has been characterized in relation to fruit growth. Phloem and xylem formation occurred during the ®rst half of the period of fruit growth. Phloem cross-sectional area reached its maximum value by the end of fruitlet abscission, 78 d after anthesis (DAA), shortly after the rate of accumulation of dry matter in fruitlets reached its maximum value. Secondary xylem formation occurred until day 93, well after the end of fruitlet abscission. At fruit maturity, xylem accounted for 42±46 % of the cross-section of the pedicel. Vessels differentiated in this late-formed xylem. Formation of phloem and early xylem was directly related to fruitlet size (and growth rate). Differences in the rate of formation of conductive tissues in the pedicel of the developing fruitlets followed rather than preceded the differences in growth rate. Speci®c mass transfer (SMT) in the phloem was highest in the fastest growing fruitlets, and peaked during the late stages of fruitlet abscission (72±78 DAA) and during the main period of fruit growth (107±121 DAA). Application of a synthetic auxin to developing fruits, either at the end of owering (2,4-D) or by day 64 after¯owering (2,4-DP), increased the growth rate of the fruit and fruit size at maturity (8±13 % increase in fruit diameter at maturity). These auxin applications also enhanced the formation of conductive tissues in the pedicel, with a speci®c effect on phloem formation. Applying auxin at¯owering resulted in a reduction in the phloem SMT by days 72±78, whereas auxin application on day 64 increased this parameter. Despite this difference in behaviour, which resulted from the different time-course of the growth response of the fruit to auxin applications, these applications increased fruit size to a similar extent. Severing 37 % of the phloem of the pedicel during the main period of fruit growth resulted in an increase in the speci®c mass transfer in the phloem but had no in¯uence on fruit growth. These observations demonstrate that the transport capacity in the phloem of the pedicel does not limit fruit growth and, within the limits of our experiments, an increase in demand by the fruit appeared to be matched by an increase in SMT. The dependence of late xylem formation (after the period of fruitlet abscission) on fruitlet growth was demonstrated in Salustiana orange [Citrus sinensis (L.) Osbeck] by means of controlling fruit growth through the manipulation of leaf area. Fruit growth at this time was more closely related to leaf area than to carbohydrate levels, suggesting that it may be limited by current photosynthesis.
INTRODUCTION
The transport of dry matter to developing fruits is driven by their sink capacity. The actual rate of accumulation may be smaller than the potential capacity as it may be limited by assimilate supply and by the resistance in, and the capacity of, the path of transport. Assimilate production in leaves is modulated by the demand for photoassimilates (Goldschmidt and Koch, 1996; Bruchou and Genard, 1999; Lakso et al., 1999) . Thus, to some extent, the supply is adjusted to demand by the developing fruits. However, the modulation of photosynthesis by crop load is only signi®cant when crop loads are very low. Changes in fruit load from moderately low to very high have little effect on the photosynthetic rate of leaves (Goldschmidt and Koch, 1996; Lakso et al., 1999) . The photosynthetic capacity of leaves, rather than demand by the fruits, usually determines the availability of photoassimilates. On the other hand, there is evidence that assimilate supply is a limiting factor in the growth of Citrus fruit. Thus, fruit size is inversely related to fruit number, and this has been considered a demonstration of competition between sinks for carbohydrates (Goldschmidt and Monselise, 1977; Guardiola, 1988) . Furthermore, both fruit set and initial growth rate increased in Valencia orange trees when grown in a CO 2 -enriched atmosphere, i.e. in conditions that increased photosynthesis and sugar availability (Downton et al., 1987) .
The capacity of the transport system is not usually considered a limiting factor for fruit growth (Canny, 1973) . In Citrus (Fishler et al., 1983) and in deciduous fruit trees (Bruchou and Genard, 1999) , the distance to the source leaves has no effect on fruit growth so long as no competing fruits are in the path of transport. The increased resistance in longer paths has no effect on transport. On the other hand, a correlation between pedicel diameter and fruit size at ã harvest has been reported for several Citrus cultivars (Stewart et al., 1952; El-Otmani et al., 1993; Bustan et al., 1995) . These observations suggest the possibility of a transport limitation to Citrus fruit growth (Bustan et al., 1995) . Furthermore, Erner and Shomer (1996) showed that the diameter of the peduncle was four times higher in leafy than in lea¯ess in¯orescences, a characteristic that was related to the higher fruit set in the former.
Although there are several descriptions of the vascular system in the stem and pedicel of Citrus fruit (Schneider, 1968; Bustan et al., 1995; Erner and Shomer, 1996) , the in¯uence that the capacity of the transport system may have on growth of the fruit has not been examined in detail. Guardiola et al. (1993) stated that the effect of exogenous growth regulators on fruitlet growth was not mediated by an effect on pedicel vascularization. In contrast, Bustan et al. (1995) stated that a limitation in transport capacity in the pedicel does occur. In the present study, changes in the vascularization of the pedicel during fruit development are examined in detail to determine whether fruit growth is limited by the transport capacity of the phloem in the pedicel. The in¯uence of carbohydrate supply on fruit growth and pedicel vascularization is determined, as are the effects of sink strength of fruitlets on pedicel vascularization, and the effects on fruitlet growth of partial severing of the pedicel.
MATERIALS AND METHODS

Plant material
With one exception stated below, all experiments and fruit measurements were performed on 8-to 9-year-old`Marisol' clementine trees (Citrus clementina Hort. ex Tanaka) grafted on Cleopatra mandarin (Citrus reshni Hort. ex Tanaka) rootstock. The effect of leaf area on fruit growth was studied in 30-year-old`Salustiana' orange trees [Citrus sinensis (L.) Osbeck] grafted on Troyer citrange [Citrus sinensis (L.) Osbeck Q Poncirus trifoliata Raf.] rootstock. Trees were drip irrigated, with the amount of water to be applied being determined from actual evaporation from an A class pan multiplied by a crop coef®cient calculated for Citrus. Mineral elements were supplied in the irrigation water from mid-February until September; amounts were decided based on leaf analysis determinations performed the preceding October.
Fruit growth and abscission
At weekly intervals, starting at the end of anthesis (30 March), the diameter of 200 ovaries/fruits from uni¯oral leafy in¯orescences was measured with a precision of T 0´1 mm. In¯orescences were chosen at random from 50 trees (four¯owers from each tree). The average diameter (T s. e.) of the fruit population in the trees was calculated. For histological studies, fruitlets with a diameter that differed by less than 0´2 mm from the average value of the population were sampled. In one experiment, the growth rate and vascularization of the pedicel during the early stages of growth [up to day 75 after anthesis (DAA)], were determined in the largest fruitlets of the tree. The fruitlets chosen for this experiment had a diameter that was greater than that of average-sized fruits by at least 0´5 times the standard deviation of the fruitlet population (Ruiz and Guardiola, 1994) .
Dry and fresh weights of the fruit were determined from their diameter and regression lines between fruit weight (fresh and dry) and diameter determined each week in a random sample of 30 fruitlets. From these values, the daily rate of accumulation of dry matter in the developing fruits at each sampling date was calculated. From the rate of dry matter accumulation in individual fruits, and the number of developing fruits present on the tree, the daily amount of dry matter accumulated in the fruits per tree was also calculated. To determine the number of developing fruits, nets were placed under the canopy of three trees, and the organs that fell were weighed and counted at weekly intervals. From the total number of fruits at harvest and the abscission counts, the number of developing fruits present on the tree at each sampling date was back-calculated. Abscission is presented in absolute (number of organs fallen per day) and in relative terms (as a percentage of the¯owers/fruits present on the tree at the beginning of the week; Zucconi et al., 1978) .
Auxin applications
Auxin applications were performed as a full coverage tree spray either at the end of¯owering (15 mg l ±1 of 2,4-D, as isopropyl ester), or 64 DAA (75 mg l ±1 of 2,4-DP, as butylglycol ester). These auxin applications (concentration used and the time of application) have been reported to be optimal for increasing sink strength of fruitlets without causing overthinning or having an adverse effect on fruit quality (Guardiola and Garcõ Âa-Luis, 2000) . A wetting agent (alkyl polyglycol ether, at a ®nal concentration of 0´04 % by volume) was added to both auxin solutions. Each treatment was replicated ®ve times, using units of 50 trees, in a random block design. The effect of 2,4-D was studied during 2 consecutive years. Due to small differences in the dates of¯owering, 2,4-D was applied 5 d earlier in the ®rst year (1 April; expt 1) than in the second year (6 April; expt 2).
Partial girdling of the pedicel
On 5 August, 127 DAA, 60 developing fruitlets from uni¯oral leafy in¯orescences were tagged. These fruitlets were chosen on the basis that their diameter differed by less than 0´2 mm from the average diameter of the fruitlet population at that date (35´8 mm). Thirty fruitlets were used as controls, while the pedicel of the remaining 30 fruitlets was partially girdled, removing a strip of bark (2 mm wide) from 37 % of the pedicel circumference at a distance of 1´5 mm from the calyx. Anatomical observation of the pedicels showed that the girdle severed 37 T 4 % of the bark (and phloem) cross-sectional area, with individual values ranging from 32 to 43 %. Ten fruits per treatment were sampled after 30 d (157 DAA). The remaining 20 fruits were sampled 59 d after girdling (186 DAA).
The in¯uence of leaf area
The effect of leaf area on fruit growth and pedicel vascularization was studied in Salustiana sweet orange. Uniform 1-year-old shoots with at least 50 leaves and a single fruit borne in a uni¯oral leafy in¯orescence formed during the current year were girdled on 15 June. Along with the fruit, 10, 20, 30 or 40 leaves remained distal to the girdle and thus contributed to further fruit growth. Each treatment was replicated ten times. The ten replicates of each treatment were on different trees, and different treatments were performed on the same trees. At the time of girdling, differences among treatments in average fruitlet diameter were less than 0´2 mm. Fruit diameter was measured periodically, and two independent leaf samples (two leaves per sample) were taken at weekly intervals. Therefore, the number of leaves on the shoots at the end of the experiment (27 July, 42 d after girdling) was smaller by two units than the initial number. At the end of the experiment shoots were sampled for carbohydrate analysis of leaves, bark and wood, and for histological study of pedicel development.
Anatomical studies
Pedicels were ®xed in a formalin : propionic acid : ethanol mixture (1 : 1 : 18 by volume) until processing. After rehydrating the samples in an ethanol series, transverse sections 20 mm thick were cut with a freezing microtome at a distance of 1´5 mm from the calyx. These sections were stained with carmine iodine green (Johansen, 1940) . Measurements were obtained from 10±15 pedicels per sample. Phloem and xylem cross-sectional areas (CSA) were calculated from the mean diameters of the vascular cylinder assuming the sections to be circular. During the early stages of pedicel vascularization there were separate vascular bundles, and this assumption was not ful®lled. In these samples, the CSA of phloem and xylem was estimated through digital analysis of the microscope images, by counting the number of pixels contained in the region of interest. This procedure was followed also in the experiment in which the pedicels were partially girdled.
The speci®c mass transfer (SMT) in phloem was calculated by dividing the rate of dry matter accumulation in the developing fruits (mg d ±1 ) by the phloem CSA of the pedicel (mm 2 ) at the same sampling date. The values thus determined were underestimates, since no correction was made for photosynthesis and respiratory losses in the fruit.
Determination of carbohydrates
Carbohydrate analyses were performed as described previously (Ruiz and Guardiola, 1994) . Soluble sugars and starch were extracted in succession with hot 80 % ethanol and with perchloric acid, respectively, and determined using anthrone. Sucrose content was estimated as the difference between total sugars and reducing sugars, an approximation that in Salustiana sweet orange leaves has an error smaller than 10 % (C. Monerri and F. Almeida, unpubl. res.).
Statistical analysis
Comparison of pairs of values was carried out by means of a Student's t-test using the variance of the means. In those parameters that are a quotient of two measurements (i.e. the speci®c mass transfer in the phloem), the estimated variance of the mean was calculated as recommended by the International Organisation for Standardisation (1995) . When more than two treatments were compared, analysis was performed by ANOVA (Snedecor and Cochran, 1967) . When the F-value was signi®cant, mean separations were performed with the Duncan multiple range test. A simple regression analysis was performed to determine the relationships among parameters (Snedecor and Cochran, 1967) .
RESULTS
Fruitlet growth and pedicel vascularization
The growth curve of the fruit of Marisol clementine ®tted a single sigmoid curve well (Fig. 1A) . A linear phase of growth began about 93 DAA and continued beyond day 190, when the palatable but still growing fruit was harvested. The rate of accumulation of dry matter in the developing fruitlets increased steadily from a value less than 0´1 mg d ±1 immediately after anthesis to a near maximum value of 77 mg d ±1 72 DAA (Figs 1B and 3). Dry matter accumulation then fell to approx. 40 mg d ±1 between days 86 and 100, increasing again to a value close to 80 mg d ±1 107±113 DAA, prior to a further decrease towards maturity ( Figs 1B and 3) .
Pedicel thickening was completed by day 78, before the beginning of the linear phase of fruit growth (Fig. 1C) . The vascular system of the pedicel at anthesis was composed of several discrete bundles ( Fig. 2A) . As the ovary transformed into a fruit, the activity of the vascular cambium resulted in the formation of a stem-like structure with a woody central cylinder surrounded by secondary phloem (Fig. 2C) . From day 30 to day 78, the CSA of the pedicel increased almost linearly with time (Fig. 1C) . Up to day 50, most of this increase in CSA was caused by the growth of the cortex. By day 50, the cross-sectional areas of the phloem and xylem were similar, and each one of these tissues represented about 10 % of the pedicel CSA. Most of the secondary phloem and xylem formation occurred after day 50. Maximum phloem CSA was achieved by day 78. The increase in xylem formation after day 50 was greater than that observed in the phloem, and continued at a slower rate for a longer period. By day 93, the xylem reached its maximum CSA, accounting for 42±46 % of the pedicel CSA (Fig. 1C) . Vessels were present throughout the whole cross-section of the xylem (Fig. 2C) . Any increase in phloem and xylem CSA after day 93 was smaller than the error of our measurements. However, cambium activity was seen under the microscope, and the thickness (and CSA) of the cortex decreased with fruitlet age (Fig. 1C) , a consequence of the expansion of internal tissues.
Values for phloem SMT of the pedicel during fruit development are presented in Fig. 3 . The calculated SMT increased sharply after day 58 to reach a maximum value of 146 mg mm ±2 d ±1 between days 72±78. After a transient decrease over days 86±100, it rose again to a value close to 125 mg mm ±2 d ±1 between days 107±121, when the rate of accumulation of fruit dry matter was maximal (Fig. 3) .
Fruitlet abscission
The trees used in the experiments formed over 10 000 owers. Most (93 %) of the ovaries and developing fruitlets were shed within 86 d of anthesis, coinciding with the continuous increase in fruitlet growth rate. In absolute terms (number of¯owers/fruitlets shed per day), two main peaks of abscission occurred around days 30 and 51 (Fig. 4) . Up to day 30, abscission occurred mostly at the pedicel, and the shed organs showed little growth. From day 51, abscission occurred mostly at the calyx, and the shed fruitlets had grown markedly. In relative terms (when presented as a percentage of the fruitlets remaining on the tree at that moment), the main peak of abscission occurred from day 51 to day 78 (Fig. 4) . Over this period, the number of fruitlets Between some of the vascular bundles initial formation of a vascular cambium has begun. B, On 7 May, 37 DAA. The activity of the cambium has resulted in the formation of a continuous vascular cylinder. C, On 2 October, 180 DAA, showing a stem-like structure. Vessels differentiate immediately beneath the vascular cambium in the lateformed xylem. C, vascular cambium; E, cutinized epidermis; OG, oil gland; P, pith; PP, primary phloem; PX, primary xylem; SP, secondary phloem; X, xylem. Bars = 1mm. shed per day represented 6±8 % of the number of fruitlets remaining on the tree at the beginning of that week. The number of fruitlets remaining on the tree was a small proportion of the initial number of¯owers (20 % by day 51 and 6 % by day 78). The rate of dry matter accumulation in all the developing fruits per tree increased from¯owering until day 64, to reach a maximum value of 77 g per tree d ±1 (Fig. 5) . It then fell to about one-third of this value during days 86±100. During the period of the maximum rate of dry matter accumulation in the fruitlets (107±120 DAA), the amount of dry matter incorporated in the fruits ranged between 44±55 g per tree d ±1 . These values were signi®cantly smaller than the peak value measured at day 64 (Fig. 5) .
Fruit growth rate and pedicel vascularization
The rate of accumulation of dry matter in the most vigorous (biggest) fruitlets post-anthesis was, on average, twice the rate measured in average-sized fruitlets. It peaked at a maximum value of 135 mg per fruit d ±1 by day 68, compared with a value of 64 mg per fruit d ±1 for averagesize fruits at day 72 (Fig. 6A) . Differences in the rate of accumulation of dry matter between different-sized fruitlets were statistically signi®cant (P`0´01) 23 DAA. Faster growth was accompanied by an increase in pedicel vascularization ( Fig. 6C and D) . By day 44, the crosssectional area of the pedicel and its anatomical components (cortex, phloem and xylem) were tightly correlated (R 2 b 0´72; P`0´01) with fruitlet diameter (Fig. 7) . The differences in vascularization of the pedicel among fruitlets differing in growth rate became signi®cant later in development than the initial differences in growth rate. By day 37 there were no signi®cant differences in vascularization of the pedicel between the biggest fruits and those of average size ( Fig. 6C and D) .
Despite this additional formation of phloem tissue, the SMT of pedicel phloem was always higher in the larger fruitlets (Fig. 6B) . By day 68 it had reached a value of 225 mg mm ±2 d ±1 , 50 % more than the peak value of 146 mg mm ±2 d ±1 recorded in average-sized fruitlets on day 72 (Fig. 6B) .
The effect of partial girdling of the pedicel
The partial girdling of the pedicel resulted in callus formation at the cut edges (Fig. 8) . These calli originated from the cambium at the edge of the cut, and partially covered the exposed xylem. However, the calli did not ®ll the gap caused by the cut in the bark of the pedicel. The surface of the calli and the cut edge of the bark were suberized. The innermost part of these calli was ligni®ed. No vascularization occurred at any region of these calli. In the ligni®ed portion, no vessels were apparent. In the nonligni®ed portion, even the highly sensitive aniline blue staining failed to detect the presence of callose, which would be indicative of sieve tube formation. Therefore, the vascular continuity affected by girdling was not restored and the severed phloem was not substituted.
Fruit growth was not affected by partial girdling, either during the ®rst 30 d after girdling (evidence not presented), or in the following 29 d (Table 1 ). The reduction in crosssectional area of the phloem (mean 37 %) was compensated (Fig. 3) by a similar increase in the SMT in the severed portion of the pedicel (Table 1) .
Effect of auxin on fruit growth and pedicel vascularization
The application of either 2,4-D or 2,4-DP resulted in a similar increase (7±10 %) in the ®nal weight of the fruit (Table 2 ). The auxin applications also increased the phloem and the xylem CSA in the pedicel. At the end of fruit growth, both pedicel diameter and xylem CSA were greater in 2,4-DP-treated fruits than in 2,4-D-treated fruits. No differences in phloem CSA were found between the two auxin treatments (Table 2) . A speci®c effect on phloem formation unrelated to fruit size (and growth rate) was demonstrated for the 2,4-D applications. Forty-four days after anthesis, the slope of the regression line relating phloem CSA to fruitlet diameter (Fig. 7B ) was greater (P`0´01) for the 2,4-D-treated fruits (0´080 mm 2 mm ±1 ) than for the untreated controls (0´037 mm 2 mm ±1 ). For xylem CSA, the difference in the slope of the regression lines was not signi®cant (P`0´32). At the time of the 2,4-DP application (64 DAA), the CSA of the phloem in the pedicel was 34 % greater in 2,4-D-treated fruits (0´60 mm 2 ) than in the untreated controls (0´44 mm 2 ). SMT in the phloem of the pedicel 72 DAA was greater in 2,4-DP-treated fruits than in 2,4-D-treated fruits (Fig. 9) . No signi®cant difference in STM between these two treatments or the untreated controls was found at any other date.
Effects of leaf area on fruit growth and pedicel vascularization
The effect of leaf area on the increase in dry weight of fruits and the carbohydrate contents in leaves of Salustiana orange is presented in Table 3 . The accumulation of dry matter in fruits was closely related to the total leaf area of the shoots (R 2 = 0´952; P`0´01). This accumulation of dry matter in the fruits represented more than 80 % of the total increase in dry weight of the shoots over the duration of the experiment (42 d). Although signi®cant, the relationships between the increase in dry weight of the fruits and leaf sucrose and starch contents were much weaker (R 2 = 0´662, P`0´05; and R 2 = 0´748, P`0´05, respectively). Levels of starch in the leaves fell signi®cantly (P`0´05) during the experiment, from an initial value of 7´3 T 0´8 % to a value below 4´9 % ( Table 3 ). The lowest starch content was found in shoots with ten leaves. There was also a signi®cant decrease (P`0´05) in the carbohydrate reserves (starch + sugars) from the bark and the wood of the shoots. These reserves fell by 2´5 % (of the dry weight) in the 40-leaf treatment, and by 4´2 % in the ten-leaf treatment. At the end of the experiment there was a close relationship (P`0´01) between carbohydrate reserves in the leaves and those of the bark (R 2 = 0´899) and the wood (R 2 = 0´813). Overall, reserves mobilized from these organs represented less than 2 % of the dry matter accumulated in the fruit during the experiment. Sucrose content in the leaves did not change during the experiment in shoots with 30 or 40 leaves. Lower sucrose contents were found in the leaves of shoots with ten and 20 leaves (Table 3 ). This marked reduction in sucrose concentration occurred 7 d after girdling (data not shown).
During the experiment, the pedicel of fruitlets increased in diameter from an initial value of 2´50 T 0´08 mm to up to 3´47 T 0´04 mm in shoots with 40 leaves (Table 4) . Pedicel diameter was related to the ®nal size (diameter) of the fruits (R 2 = 0´64; P`0´01). Most of this increase in pedicel diameter was caused by xylem formation. At the end of the experiment, xylem CSA was closely correlated with fruit diameter (R 2 = 0´78; P`0´01). The cross-sectional area of the phloem (Table 4 ) and cortex (data not shown) did not increase signi®cantly during the experimental period.
The rate of transport of dry matter to fruits paralleled the value of the SMT in the phloem of the pedicel. This value was 3´5 times higher in shoots with 40 leaves (277 mg mm ±2 d ±1 ) than in shoots with ten leaves (79 mg mm ±2 d ±1 ; Table 4 ).
DISCUSSION
A correlation between fruit size and pedicel CSA has been reported in Citrus at fruit maturity (Stewart et al., 1952; Bustan et al., 1995; El-Otmani et al., 1993) . We con®rmed these observations (Table 2 ) and further demonstrated that 0´62 T 0´04 0´39 T 0´02** Phloem SMT (mg mm ±2 d ±1 ) 6 9 T 6 9 9T 9* Pedicels were girdled on 5 August (127 DAA). Measurements performed 59 d after girdling (186 DAA). Growth values are means of 20 fruits T s. e. Anatomical measurements are means of ten fruits T s.e. ** P`0´01; * P`0´05; n.s., non signi®cant.
fruit size was tightly correlated to both phloem CSA and xylem CSA ( Fig. 7 ; Table 2 ). We also found that pedicel vascularization was complete before the linear phase of fruit growth (Fig. 1) . Phloem formation was completed by the time the rate of dry matter accumulation in the fruit became maximal (78 DAA). Xylem formation lasted longer, and was only complete by the time the growth rate of the fruit was maximal (93 DAA). Both phloem and early xylem formation were correlated with early fruit growth (Fig. 7) . In a fruit population within a tree there is a close relationship between the growth rate of individual fruits during early and late development (Praloran et al., 1981; Guardiola and La Âzaro, 1987; Guardiola, 1988) . Thus, pedicel size and vascularization become adjusted during early fruit development to the forthcoming transport and mechanical requirements of the fruit. The greater phloem CSA will potentially enable faster transport of dry matter to the more vigorously growing fruitlets. The mechanical strength of the woody xylem will allow the pedicels to hold the increasingly heavier fruitlets. At variance with reports on apple, which demonstrated that the xylem formed in the pedicel after owering is non-functional (Lang and Ryan, 1994) , vessels differentiated continuously in the pedicel of Citrus (Figs 2  and 8 ). This xylem may not contribute directly to the transport of water and mineral elements to the fruit, since in vines (Lang and Thorpe, 1989) , deciduous fruit trees (Lang, 1990; Lang and Ryan, 1994) and Citrus (Elfving and Kaufman, 1972; Goldschmidt and Koch, 1996) there is a net water back¯ow from the fruit into the xylem. This water back¯ow may help to dissipate excess water incorporated along with the sugars in the phloem, thus helping to maintain the necessary pressure gradient for further transport (Huang et al., 1992) .
At any time during fruit development, the transport capacity of the phloem equals the CSA of this tissue multiplied by its (unknown) potential SMT. The possibility that demand by the fruit becomes higher than this transport capacity, thus making transport the limiting factor for fruit growth, is most likely at times when the actual (measured) SMT in the pedicel is highest. In agreement with previous reports (Guardiola et al., 1993; Bustan et al., 1995) , the maximum SMT value was reached in our experiments during late fruitlet abscission (72±78 DAA; Figs 3 and 4) , at the time that the transport of carbohydrates to the population of developing fruits was maximal (Fig. 5) . This late abscission mainly affects the slow-growing fruitlets (Zucconi et al., 1978; Ruiz and Guardiola, 1994 ) and occurs at a time when tree carbohydrate reserves have been utilized and transport to the fruit depends on current photosynthesis (Sanz et al., 1987; Ruiz et al., 2001) . The decrease in late fruitlet abscission when carbohydrate availability was increased through enhanced photosynthesis (Downton et al., 1987) or by trunk girdling (Ruiz et al., 2001) supports the hypothesis that late abscission is related to competition by fruitlets for carbohydrates (Goldschmidt, 1999) . In contrast, we found no evidence that the transport capacity in the pedicel was determining the rate of incorporation of dry matter into fruitlets at that time. The markedly lower phloem SMT in the pedicel in fruits with a smaller growth rate (Fig. 6) demonstrates that the lower sink strength of these fruitlets, rather than the differences in 2,4-D (16 mg l ±1 ) was sprayed on 1 April, at the end of anthesis (day 0). 2,4-DP (75 mg l ±1 ) was sprayed on 3 June (64 DAA). Fruit fresh weight and pedicel characteristics were determined at commercial maturity (7 October; 190 DAA) . Data from two experiments performed in different years. Pedicel data are means of 30 determinations.
Within one experiment, values in the same column followed by different superscripts differ at P`0´05 according to Student's t-test (expt 1), or Duncan's multiple range test. F I G . 9. Speci®c mass transfer in the pedicel of fruits from untreated control (open circles), 2,4-D-treated (closed circles) and 2,4-DP-treated (triangles) trees. Values calculated from the rate of accumulation of dry matter in a random sample of 100 fruits from 20 trees, and the anatomical characteristics of 15 pedicels from average-sized fruits. Vertical bars show the lowest signi®cant difference (P`0´05) on each date.
phloem CSA, was a determining factor for the reduced transport to them. Phloem formation in the pedicel was in excess of the transport requirements of the fruits during the main period of growth, as demonstrated by the lower phloem SMT values during this period (Fig. 3) . In agreement with Bustan et al. (1995) , we found that the removal of a signi®cant proportion (up to 43 %) of the pedicel phloem was matched by a compensatory increase in the SMT, but that it had no effect on transport to the fruit (Table 1) . Bustan et al. (1995) also reported that the reduction in fruit growth rate that occurred when most (90 %) of the phloem of the pedicel was removed, was accompanied by a 3´8-fold increase in the SMT in this tissue. These observations prove that transport in the phloem occurred at a rate markedly lower than its transport capacity. Hence, the role that the 19±30 % increase in phloem CSA resulting from auxin applications may have played in the 10±12 % increase in fruit weight (expt 2; Table 2 ) is not clear. In contrast, the immediate (measured after 8 d) growth response to 2,4-DP application (72 DAA) occurred before there was any signi®cant change in phloem formation, and resulted from a 1´4-fold increase in the phloem SMT above that of 2,4-D-treated fruits (Fig. 9) .
On the other hand, the close relationship between fruit growth and leaf area (Table 3) demonstrates the dependence of late fruit growth on current photosynthesis. Leaf photosynthesis was modulated by demand of the fruit. The apparent rate of photosynthesis, calculated from changes in dry weight of the fruits (reported in Table 3 ) and shoot leaf area, ranged from 5´9 mmol CO 2 m ±2 s ±1 (40-leaf shoots) to 8´6 mmol CO 2 m ±2 s ±1 (ten-leaf shoots). These values, which are underestimates since no correction was made for respiratory losses in the fruit, are within the range of photosynthetic rates reported for Citrus (4±8 mmol CO 2 m ±2 s ±1 ; Syvertsen and Lloyd, 1994) . Under our experimental conditions, the modulation of photosynthesis by the fruit did not fully compensate for the reduction in leaf area. The values of the SMT in the phloem of the pedicel (up to 277 mg mm ±2 d ±1 ) were within the range of the values reported for fruit trees (apple, pear and peach; Canny, 1973; Bruchou and Genard, 1999) .
As mentioned above, the fate of developing fruitlets is determined early in their development, and the initial growth rate (= sink strength) of the fruitlets is related to their probability of abscission and to their late growth rate. From previously published evidence, it is likely that differences in growth rate were already determined at¯owering. At anthesis, ovaries are bigger in leafy in¯orescences (Guardiola et al., 1984) . These in¯orescences set a higher proportion of fruit and form fruits with a higher initial growth rate than lea¯ess in¯orescences (Guardiola and La Âzaro, 1988) . Bangerth (1989 Bangerth ( , 1997 ) examined in detail Shoots with a single fruit were girdled on 15 June above the number of leaves indicated. Measurements were performed on 27 July. Values are means of ten fruitlets or two independent leaf samples (T s.e.)
Values within a column followed by different superscripts differ at P`0´05 (Duncan's multiple range test). Shoots were girdled on 15 June. Measurements performed on 27 July. Values are means of ten fruitlets. For further details see Table 3 . Values within a column followed by different superscripts differ at P`0´05 (Duncan's multiple range test).
the establishment of dominance among young fruitlets and concluded that the mechanism did not involve carbohydrate shortage. The results of the present work agree with this conclusion. The differences in growth rate of the fruitlets occurred at a time when there was no limitation on carbohydrate supply in the tree. Furthermore, differences in the vascularization of the pedicel related to differences in fruit size (= growth rate) were only signi®cant by day 44 (Fig. 7) , markedly later in development than the initial differences in growth rate and in phloem SMT (Fig. 6) , and therefore may not be the causal factor. In summary, we have demonstrated that both early and late xylem formation are related to the actual rate of fruit growth. At late stages of fruit development, xylem makes the major contribution to the cross-sectional area of the pedicel, and is the major component of the reported relationship between pedicel diameter (and CSA) and fruit size at maturity. Phloem formation was completed by the end of fruitlet abscission. The rate of phloem formation was related to the initial growth rate of the fruit, and occurs in excess of the transport requirements of the developing fruit. We found no evidence that, at any stage of fruit development, the transport capacity of the phloem in the pedicel was limiting transport to the fruit.
